Abstract--Smectite close to the pure Fe end member of the nontronite-beidellite series was found in the fine clay separated from a 354-cm deep sediment core in the southwestern Pacific Basin. The mineral has a b-axis of 9.09/~ and an unusually low dehydroxylation temperature of 454~ and is composed of sheaves of fibers less than 50/~ wide. Its charge density is 5.09 x 10 -4 esu/cmL The charge originates mainly from the presence of 18% of the total Fe in tetrahedral positions, as determined by Mrssbauer analysis. Slight deviations of the infrared spectra from those reported for nontronites are probably due to the presence of more octahedral Mg. The presence of authigenic quartz in the same sample permits some speculation on the concentration of dissolved silicon during nontronite genesis. A 6~80 value of 26 + 0.3%o indicates a temperature of formation of about 22~ The Sr isotope ratio suggests that the nontronite formed at least 12 million years ago.
INTRODUCTION
Nontronite and beidellite form a continuous solid solution, but, although the pure iron end member has been predicted, the chemical composition of all specimens described until recently includes at least small amounts of A1 (Weaver and Pollard, 1973; Eggleton, 1977) . Marine clays of hydrothermal origin, however, have been reported to approach the pure Fe end member (Corliss et al., 1978; Hoffert et al., 1978; Schrader et al., 1980; Moorby and Cronaw, 1983; McMurtry et al., 1983) .
Clay material recovered during the 1980 cruise SO-14 R.V. of"Sonne" in the southwestern Pacific Basin has been found to contain some layers that consist of nearly pure nontronite containing only a trace amount of AI. The present paper describes the physical and chemical properties of this material and speculates on its origin.
MATERIALS AND METHODS

Core description
As part of an extensive survey of manganese nodule distribution in the southwestern Pacific Basin, a drill core (KL9) was recovered on the transect Tahiti-East Pacific Rise-New Zealand at 29~ 131~ I'W in 4250 m water depth. The drill hole was located on the western flank of a small seamount ranging from 4260 to 3990 m depth in a north to south striking valley. The structural setting of the sampling area is unknown because no detailed geophysical survey was carried out. The core is 354 cm long. The upper 190 cm of the core consists of a dark brown, homogeneous, fine-grained material. Rather abruptly, at 189 cm depth, the material changes to an aggregate of coarse-sand size, greenish yellow to orange granules, some of which Copyright 9 1984, The Clay Minerals Society are partly coated by Mn oxides. The Mn oxide coatings increase in abundance with increasing core depth, and at 210 cm core depth the coating envelopes are essentially complete. Mn oxides cement the granules into larger aggregates, thereby creating dark gray layers; the most conspicuous one is at 210-215 cm core depth. The Mn oxides consist of todorokite and birnessite. Below 215 cm Mn oxides are less abundant and disappear almost entirely near 300 cm. At 302-310 cm only slight coatings are present. The amount of Mn oxide coatings appears to decrease with increasing grain size. Uncoated granules are light yellowish green. From scanning electron micrographs and X-ray powder diffraction patterns the granules consist of typical smectite aggregates, coated by birnessite. Numerous quartz crystals are embedded in the clay matrix or coat the clay granules and can be discerned by their glitter.
Sample treatment
Preliminary examinations indicated that the smectire was best developed in the lower parts of the core. Therefore, nodule material from 230-260 cm, 340-355 cm, and from the core catcher (the lowest part of the core) was examined in detail. The samples were washed in distilled water and dispersed ultrasonically. They were then rewashed in 1 N NaCI, and the excess salt was removed. The Na-saturated and dispersed samples were then resuspended in distilled water, and the fine clay (<0.6 ttm) fractions were separated by sedimentation. Untreated granules were also examined by X-ray powder diffraction (XRD),
Analyses
XRD analyses were made with a Philips diffractom, eter using CuKa radiation. Differential thermal analysis was performed on a Perkin-Elmer high-tempera- standard. Infrared (IR) spectra were obtained from samples prepared in the form of KBr disks and as selfsupporting films, using a Perkin-Elmer 237 spectrometer to record the spectra in the 4000-650-cm-] range. For Mrssbauer spectroscopy, 9 mg of sample (equivalent to 2.2 mg Fe) mixed with glucose was placed in a Lucite holder 1 cm in diameter and examined by the procedure described by Rozenson et al. (1979) .
The chemical composition was determined by X-ray fluorescence analysis, using a Philips PW 1400 X-ray spectrometer with an one-line Philips PH 851 computer. Atomic absorption spectroscopy was used to determine AI, Co, and Ca after the samples were decomposed with lithium meta-borate. The cation-exchange capacity (CEC) was determined by sodium saturation; specific surface area (SSA) was determined using ethylene glycol monoethyl ether (Carter et al., 1965) . 6~80 and 875Rf86Sr values were determined using standard techniques. Free iron oxides were removed by sodium dithionite treatment.
RESULTS AND DISCUSSION
X-ray powder diffraction analysis
XRD patterns of powdered bulk material from the 230-260-cm layer gave distinct reflections at 15.5 and 4.57 ~, suggesting the presence of a 2:1 clay mineral saturated with divalent cations (Figure 1 ). Strong reflections of quartz were also present. The distinct 060 reflection at 1.513 Zk indicated the dioctahedral nature of the clay mineral. Untreated and oriented clay material, separated by sedimentation from the granules, gave a strong reflection at 14.47 A, with a very weak 005 reflection at 3.24 ~, and a faint quartz reflection. Upon glycolation, swelling to 17.1 A was complete, whereas heating the sample to 500~ for 2 hr shifted the 001 spacing to 9.8/~.
Unoriented samples of fine (<0.6 #m), Mg2+-satu - Saturation with K + at room humidity (50-60% RH) shifted the 001 spacing to 12.2/~, whereas saturation with NH4 + resulted in a diffuse reflection at 12.5 /~. Upon glycolation the K+-saturated sample expanded to 13.3 ~, and the NH4+-saturated sample expanded to 15.5 /~. Thus, with both K + and NH4 § saturation most of the smectite layers had one interlayer of water molecules. When exposed to ethylene glycol (EG) vapor most of the K+-saturated smectite layers became interlayered with one EG molecular layer. The basal spacings of the sample saturated with NH4 + indicated a 1:1 ratio between smectite layers interlayered with one and those interlayered with two EG layers (Ci6el and Machajdik, 1981) , suggesting that the smectite is composed of at least two different structural layers. Irreversible collapse of Mg-saturated samples to 10.0 was obtained after they were heated to 250~ ( Figure  2 ). K +-and NH4+-saturated samples, after being heated at this temperature, still had a spacing of 10.6/~. Final collapse to 10.0 A occurred only after the samples had been heated to 300~ Apparently, irreversible collapse was obtained only after the removal of the water, which gave rise to an endotherm at about 280~ on the DTA curve (see below).
From repeated determinations of the 060 spacing, the b-axis of the nontronite is equal to 9.08 A for the granular material collected at 230-260 cm depth and 9.09 tk for the nontronite collected at 340-355 cm depth. These values are close to those expected from the relationship between the length of the b-axis and the number of Fe 3+ ions per unit-cell as given by MacEwan (1961) and Brigatti (1983) , but are lower than those based on (Fe + Mg) in the equation proposed by Despraires (1983) . 
Differential thermal analysis
The differential thermal analysis curve of Mg-saturated material, equilibrated at room humidity (50-60% RH), shows a very strong endotherm at 106~ followed by a very weak endotherm at 280~ (Figure 4 ). These endotherms are associated with the loss of adsorbed water and cation hydration water, respectively. The dehydroxylation endotherm at 454~ fits the cot- erlin, 1971 ) is lath shaped, with free particles of a mean width of ~ 2000 A and has a strong tendency for endto-end association, yielding long ribbons. Sudo et al. (1981) described Fe-montmorillonite with lath-like, platy panicles without well-defined borders, with some panicles having a feather-like appearance. Cole and Shaw (1983) and Kurnosov et al. (1982) described fibrous nontronites, but the fibers were much coarser than those of the KL9 clay. Grim and Giiven (1978) showed trioctahedral Mg-smectites from the Amargosa Valley, Nevada, that exhibit sheaf-like aggregates of fibers.
M6ssbauer spectroscopy
The experimental M6ssbauer spectrum could be well fitted by three doublets, two corresponding to Fe 3+ in octahedral and one to Fe 3 § in tetrahedral coordination. Cm -t Figure 6 . Infrared spectrum of NH4-saturated fine clay from layer at 340-355 cm depth; (a) 3700-3300-cm -~ region, selfsupporting film; (b) 1100-650-cm -t region, KBr disk.
relation curve between dehydroxylation peak temperature vs. b dimension, and, by implication, Fe content, established by Brigatti (1983) . The curve is similar to that given by Rateev et al. (1980) for K-, Fe-smectites from the Galapagos geothermal field.
Electron microscopy
Transmission electron micrographs of finely dispersed samples show elongated, feathery flakes (Figure where IS = isomer shift relative to metallic Fe; QS = quadrupole splitting; F = peak width; all in mm/sec. These parameters closely resemble those reported for nontronites by Goodman et aL (1976) , indicating that the relatively high concentration of Mg in this sample does not significantly affect the configuration of the octahedral sheets.
Infrared spectra
Si-O stretching absorption. An intense Si-O stretching absorption was noted at 1005 cm -1 (Figure 6b ), in complete agreement with the results of Goodman et aL (1976) , who correlated the position of this band in nontronites with the amount of Fe 3 § in tetrahedral sites. The percentage of total iron occupying tetrahedral positions in sample KL9 is 17% by chemical analysis and 18% by M6ssbauer spectroscopy. Goodman et aL observed a frequency of 1006 cm -1 for samples with 19-27% tetrahedral Fe 3 § Samples 1-10 = hydrothermal nontronites: samples 1-3 (FAMOUS); 4-5 (Aden); 6-7 (Galapagos); 8 (Red Sea); 9-10 (Cyamex); compilation after Hoffert (1980) . Sample 11 = South Pacific, KL9, core catcher (<0.6 ~m). n.d. = not detected.
Separation of Sr for sTSr/8~Sr analysis showed that this value is too high and that the concentration of Sr is about 8 ppm.
OH-stretching and -bending absorptions.
A main OHstretching absorption band was noted at 3545 cm-% with shoulders at 3582 and 3607 cm -~ (Figure 6a ). Changes due to orientation of the film were difficult to observe. As Fe-OH-Fe is the predominant grouping in the octahedral sheets, the band at 3545 cm-~ must be due to OH-stretching vibrations for this grouping. The band, which was also observed in spectra of the KBr discs, was noted at a lower frequency in sample KL9 than in any of the samples studied by Goodman et al. (1976) , probably due to the considerably higher Mg content of sample KL9. The shoulders at 3582 cm-~ must then be due to Fe-OH-Mg and Mg-OHMg associations, respectively; however, if the distribution of cations in the octahedral sheet is random, the Mg-OH-Mg absorption should have been very weak. The fact that a pronounced shoulder was recorded suggests that some clustering of Mg ions must be present in the octahedral sheets. Similar considerations apply to the OH-bending vibrations ( Figure 6b ). Following Goodman et al. (1976) , the absorption at 818 cm-~ may be assigned to Fe-OH-Fe and the inflection at about 790 cm -~ to FE-OH-Mg vibrations. If these assignments are correct, the intensity of this absorption supports the suggestion that the incidence of Mg-OH-Mg groups is greater than would be expected from a random distribution of octahedral cations. The absorptions at 3607 and 760 cmhave not previoulsy been reported for nontronites, because all of the samples studied had much lower Mg contents. A shoulder at about 760 cm -~ was detected in some of the spectra of K-, Fe-smectites by Rateev et al. (1980) , but was not discussed by them.
Chemical composition
The chemical analysis of the fine clay from the core catcher shows an extremely low A1 content for this nontronite (Table 1 , column 11). Marine hydrothermal nontronites commonly are low in A1 (Table 2) . Similar low A1 contents were reported by Corliss et al. (1978) and more recently by McMurtry et al. (1983) for nontronite from the Galapagos hydrothermal mound. The Fe content of the clay from core KL9 is high. The free (dithionite-extractable) iron content is only 0.09%, and no crystalline iron oxides were identified, indicating that nearly all of the iron is within the clay mineral.
Singer, Stoffers, HeUer-Kallai, and Szafranek ' Compilation of data after Hoffert (1980) . Similar Fe contents were also reported by Bischoff (1972) for a ferroan nontronite from the Red Sea, by Corliss et al. (1978) for a nontronitic clay from hydrothermal mounds near the Galapagos Rift, and by Hoffert et al. (1978) for FAMOUS samples from the Atlantic Ocean. Ferrous iron was not detectable by chemical analysis or by Mrssbauer spectroscopy. Indeed, ferrous iron has been reported in only one marine hydrothermal nontronite from the Red Sea (Bischoff, 1972) . The near-monomineralic nature of the present clay sample is indicated by its very low Ca, Na, P, Mn, and Ti contents. The Mg and K contents are similar to those reported for many hydrothermal nontronites (Table 1) . Based on this chemical composition and assuming a monomineralic character for the material, the following structural formula is proposed for the NH4-saturated nontronite:
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(Ko.3o(NH4+)o.69(Fe3 + 3.32Mgo.s 1)(Si7.33Fe3+o 67)O2o(OH)4. sum = 4.13 sum = 8.00
The amount of tetrahedral iron calculated from the chemical analysis is in complete agreement with that deduced by Mrssbauer spectroscopy. XRD data and IR spectra suggest an unequal distribution of the layer charge and octahedral site occupancy of the nontronite. Unequal charge distribution is also suggested by the observation that some of the interlayer K + could not be replaced by NH4 +. Thus, this structural formula merely represents an average composition of the mineral.
The interlayer charge as calculated from the formula is somewhat larger than the charge suggested by the cation-exchange capacity (97 meq/100 g) determined separately (Table 1) , and more than half of the charge originates in the tetrahedral sheets. McMurtry et al. (1983) assigned no tetrahedral iron to the nontronite from the Galapagos hydrothermal mounds; yet, as the data compiled by Hoffert (1980) show, tetrahedral iron is a characteristic feature of many hydrothermal nontronites (Table 2 ). The concentrations of octahedral Mg and interlayer K § appear to be within the range common for hydrothermal nontronites.
From the basal spacings of untreated bulk nodule material, the exchangeable cations appear to be mostly divalent. From the specific surface area of the clay sample (550 mVg) and its CEC, the charge density is 1.76 x 10 -Lo eq/cm 2 or 5.09 x 10 -4 esu/cm 2, similar to the value obtained by Newman (198 3) for beidellite from the Black Jack mine in Idaho.
Using the Fe-Mn-(Co + Cu + Ni) ternary diagram proposed by Bonatti et aL (1972), Hoffert (I 980) showed that most of the minor element compositions of hydrothermal smectites are poor in Mn and transition metals and therefore cluster close to the Fe apex. From Table 1 it can be seen that the KL9 nontronite is particularly low in Cu (not detectable), Ni, Co, and Mn and therefore exemplifies this trend. Zn is higher than the values reported by Corliss et aL (1978) for the Galapagos Rift nontronite and by Hoffert et al. (1978) for the FAMOUS hydrothermal clays. The Cr content is similar to the values cited by Hoffert et aL, but higher than those given for the pure nontronite by Corliss et al. (1978) . The V content is within the range given for hydrothermal clays. Whereas metalliferous hydrothermal sediments commonly are greatly enriched in Ba, hydrothermal clay minerals are low in Ba, and the Ba content of the KL9 nontronite is even lower than those reported hitherto. Pb is considerably lower than the values cited by Hoffert (1980) for the Galapagos Rift nontronite. No comparable values for Sr and Rb were found in the literature.
NONTRONITE FORMATION
Oxygen isotope analysis of the purified <0.6-gin fraction of KL9 nontronite gave ~80 = 26 +_ 0.3%~ relative to SMOW. Using the geothermometric equation of Yeh and Savin (1977) for smectite--water: 1000~n = 2.67. 106"T -2 -4.82, and assuming b~80 of 0.0 for seawater, a formation temperature of 21.3-22.8~ can be calculated, close to the lowest temperature of formation deduced by McMurtry et al. (1983) for Al-poor nontronite formed in Galapagos mounds sediments. The ratio Fe203/(MgO + A1203) vs. 6~80 for sample KL9 falls within the field of deep-sea authigenic nontronites delineated by McMurtry et al. (1983, Figure 5 ).
The two features cited by Harder (1976) as critical for the formation of nontronite are relatively low Si concentrations and the presence of reduced iron in solution. Scanning electron micrographs revealed the nearly perfect euhedral habit of quartz crystals embedded in the nontronite clay matrix (Figure 5c ). According to Stoffers et aL (1984) , oxygen isotope data indicate that these crystals were formed at 25~ Harder (1971) noted that quartz crystallizes at such low temperatures only from solutions which are undersaturated in SiO2 with regard to quartz (i.e., <2.8 ppm SIO2). Because no other less-crystalline silica phases were identified in the KL9 sediment, soluble Si during quartz crystallization must have been in this range.
Because the quartz crystallites were found embedded in the clay matrix, and even coating clay granules, nontronite precipitation must have preceded quartz crystallization. Thus, silica in solution during nontronite formation may have been only slightly oversaturated with respect to quartz, and probably was below the 20 ppm SiO2 indicated by Harder (1976) . Oxygen isotope geothermometry of the authigenic quartz and nontronite showed that both minerals were formed under closely similar thermal regimes.
Oxidation gradients in core KL9 are indicated by the vertical Fe-Mn segregation, which is governed by the balance between oxygen-poor hydrothermal fluids at the bottom and oxygen-rich seawater diffusing downward. In the presence of the hydrothermal fluids Mn was brought into solution while nontronite precipitated. Mn precipitated higher up in the sediment where the redox potential was higher. A similar process has been proposed for the formation of the nontronites in the Galapagos sediment mounds by Dymond et al. (1980) . Coating of nontronite granules by Mn oxides possibly indicates fluctuations in the oxidation gradient.
The KL9 nontronite contains significant amounts of interlayer K +, like many other hydrothermal nontronires; it may therefore represent a transition stage in the "celadonitization" process of the smectite by adsorption of K from seawater, as suggested by Rateev et al. (1980) . The 875r/S6Sr ratio obtained for sample KL9 was 0.71157 + 0.0002, considerably larger than the value of 0.70907 characteristic of modern seawater (Burke et aL, 1982) . As both increasing age of seawater and basalt-seawater interaction cause a decrease in the Sr isotope ratio, some of the sTSr must be radiogenic. On the basis of the observed Rb/Sr ratio, and using the appropriate Sr isotope ratio of seawater of that age, a minimum time of formation of the nontronite of 12 million years can be deduced. Any contribution of basalt St, like that observed in other authigenic deep-sea smectites (Staudigel et aL, 1981) would increase the calculated age of formation of the nontronite. The area from which the sample was collected was dated at 25 million years by geomagnetic polarity (Plate Tectonic Map, 1981) . If the nontronite formed at that time, the initial 87ST/86ST ratio would have been about 0.706, a value that could have been attained by seawater-basalt interaction.
The uncertainties involved in a single isotope analysis preclude definitive dating of the sample. It can, however, be established that the nontronite was formed at least 12 million years ago and may even be as old as the area in which is was found (25 million years), having been formed in situ in the vicinity of the active ridge.
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